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INTRODUCTION 


Under  Contract  N6onr-27712  ( MR-084-008) , a study  was 
made  of  the  possibility  of  instrumenting  the  pi*oblem  of 
mechanical  analysis  using  electronic  devices.  The  following 
account  is  the  result  of  an  effort  to  explore  only  the  theo- 
retical possibilities  and  to  suggest  a practical  prototype 
design. 

The  determination  of  the  frequency  distribution  by  weight 
of  grain  sizes  smaller  than  0.062  mm.  within  a sediment  is  a 
tedious  and  time-consuming  process.  Many  attempts  have  been 
made  to  facilitate  such  measurements  (see  Krumbein  and  Petti- 
john,  1938).  Such  a device  would  soon  pay  for  itself  in  the 
man-hours  saved  by  laboratory  technicians,  and  would  provide  a 
means  of  increasing  the  number  of  samples  analyzed  in  a giver: 
period  of  time.  A better  knowledge  of  sedimentation  phenomena 
would  result  from  such  improvements. 

By  rearranging  the  equation  for  obtaining  the  cumulative 
frequency  of  a fine-grained  sediment,  as  this  equation  is 
employed  in  the  principle  of  the  Oden  Continuous  Sedimentation 
Balance,  (Krumbein  and  Pettijohn,  1938,  o.  1 lip  (25)),  it  was 
possible  to  find  an  expression  which  could  bo  solved  with  elec- 
tronic devices.  The  instrument  designed  by  the  authors  employs 
a settling  tube,  a sensitive  mechanotransducer , a program 
timing  device  to  establish  the  required  measurement  times,  two 
scaling  d.c.  amplifiers  to  set  limits  for  the  signa.1  vullege 
levels,  a signal  voltage  retaining  or  memory  stage,  two  differen- 
tial amplifiers,  a log-iQ  multiplier  or  variable  gain  DC  ampli- 
fier, and  a recording  device.  The  values  obtained  with  this 
Instrument  correspond  to  cumulative  weights  rather  than  total 
accumulated  weight  as  obtained  with  the  Oden  Continuous  Sedimen- 
tation Balance. 


THEORETICAL  CONSIDERATIONS 


The  assumption  is  made  that  a sediment  whose  particles  vary 
continuously  in  size  between  unknown  limits,  is  uniformly  dis- 
persed in  water  at  time  (tQ).  A par:  suspended  at  level  (h)  in 
this  dispersion  will  accumulate  sediment  In  such  a manner  that 
the  total  weight  of  the  pan  (VAj>)  will  increase  continuously  with 
time.  Readings  of  the  total  weight  (Wq,)  of  oarticles  which  have 


fallen  on  to  the 
against  time  (t) 
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uniform  dispersion  will  fall  with  a.  velocity  determined  by  its 
size  and  density,  viscosity,  density  of  the  water,  and  the 
acceleration  due  to  gravity.  It  is  further  assumed  that  par- 
ticles of  given  size  will  settle  independently  of  any  other 
size.  At  time  (t)  all  the  particles  of  a size  having  a velo- 
city of  h/t.  will  have  settled  a measured  distance  (h).  Those 
particles  of  this  velocity  that  were  included  in  the  column  of 
water  over  the  pan  will  have  reached  the  pan  along  with  all  the 
particles  having  a velocity  greater  than  h/t.  Very  few  of  the 
smaller  particles  with  a velocity  less  than  h/t  will  have 
reached  the  pan  level  (h)  but  a portion  of  each  of  these  sizes 
will  be  included  in  the  total  weight  of  the  sediment  collected 
on  the  pan. 

It  can  be  shown  that  the  partially  sedimented  portion  (velo- 
cities less  than  h/t)  of  the  total  pan  weight  is  equal  to 


t . f'(t)  Krumbein  and  Petti  John,  1936 


The  expression  for  the  totally  sedimented  portion  (velocities 
greater  than  h/t)  is  then: 


f(t)  - t . f'(t)  = wc 


(1) 


Since  f(t)  cannot  be  predicted,  the  equation  is  in  Its  simplest 
form.  It  may  be  written: 


Wf  — t 


dWr 

dt 


= W, 


(2) 


Where:  W<p  = total  weight  of  sediment  on  the  pan  at  t. 

Wc  = cumulative  weight  of  the  sediment  for  all  3izes 

with  a velocity  equal  to  or  greater  than  h/t,  at  t, 


= time  since  t 


o * 


In  order  to  find  W , the  desired  variable,  it  is  necessary 
to  differentiate  W>j>  with  respect  to  time.  The  differential  Is 
shown  to  be: 


*T  (t2)  - WT  (t1) 


( t2-t]_ ) 
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However,  as  ( t 2 - t^)  approaches  zero,  the  amount  of  sediment 
accumulating  becomes  very  small  and,  in  fact,  too  small  to 
measure.  To  insure  a measurable  quantity  of  sediment  a suitable 
interval  of  time  should  be  chosen  rather  than  the  instantaneous 
differential.  This  interval  should  be  long  enough  to  give  a 
measurable  difference  without  impairing  the  accuracy  of  the  cumu- 
lative weight.  Then  Wij  is  no  longer  the  instantaneous  total 
weight  for  a given  measurement  of  cumulative  frequency,  but 
becomes  an  approximate  value.  Nevertheless,  it  is  so  close  that 
the  error  is  undetectable  in  the  final  computed  value  for  Wc  in 
the  electronic  circuity. 

Most  electronic  circuits  have  a time  base  of  only  a few  mic- 
roseconds when  performing  differentiation.  A memory  circuit  waB 
devised  to  find 


WT  (t2)~  WT(tx) 


when  (to  - tp)  is  equal  to  the  chosen  interval  of  time  which 
amounts  to  milliseconds  rather  than  microseconds. 

d'w'ip 

For  the  equation  to  be  dimensionally  correct,  t . 

dt 


must  equal  a weight  and  (t)  and  (dt)  must  be  in  the  same  units 
since  (dt)  is  equal  to  the  chosen  interval  of  time  in  seconds. 

The  total  analysis  may  take  120  hours  or  l|3-0,00 0 seconds.  (t) 

Is  then  expressed  in  units  ranging  from  0 - 21,600.  It  is  imprac- 
tical to  multiply  by  21,600  electronically.  To  overcome  this  prob- 
lem it  is  possible  to  employ  logarithms  to  reduce  this  excessive 
range . 


let  t = ( Log  t 1 ) 
and  dt  - di  Log  t ’ ) 


(3) 

(k) 


Then  substitute  equations  (3)  and  (i|)  into  equation  (2) 


Wn  - Log  t ' 


dW_ 

i’ 


[(Log  t') 


= w. 


(5) 


This  limits  the  range  of  (t')  to  about  0-H  units  instead  of 
0-21,600,  the  range  of  (t). 
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Oince  the  time  increment  over  which  the  measurements  are 
made  is  the  same  for  all  observations,  d(Lo^  t')  may  be  con- 
idered  a constant  and  the  ratio  or  bog  (.  t 1 j to  a(Log  t!)  may 
e predicted  and  used  as  a multiplier  of 


Wrp  (t  ) - Wip  (t  ) to  determine  Wc  from  W^ . 

The  writers  were  unsuccessful  in  finding  a means  of  mul- 
tidying 


dW„ 

(Lon  t')  1 continuously  with  suf- 

d ( Log  t ' ) 

ficient  accuracy.  To  simplify  and  render  possible  this  opera- 
tion, 16  observation  times  wore  selected  where  Wc  was  deter- 
mined because  it  is  possible  to  multiply  by  fixed  values  more 
accurately. 

Since  the  authors  have  selected  standardized  times  for 
sampling,  the  uarticle  size  at  those  chosen  sampling  times  will 
depend  on  the  temperat\ire  during  analysis.  The  sampling  times 
shown  in  Table  1 are  for  20°  centigrade.  Variations  in  tem- 
perature could  be  compensated  for  either  on  the  data  sheet,  or 
by  employing  temperature  control  methods. 

The  interval  chosen  to  give  a measurable  amount  of  sediment 
over  - t-i  J for  obtaining  the  difference 

WT  ( - Wrj.  ) is  20  seconds. 

To  clarify  this  point  with  an  example,  at  each  selected  observa- 
tion time  (tn)  the  instrument  measures  Wm  ten  seconds  prior  and 
again  tan  seconds  after  (tn)»  Where  (tn)  is  the  second  observa- 
tion time  (see  Table  1)  which  is  given  as  L0  seco-as  after  (t0) 
the  analyzer  measures  Wt  at  L|X)  seconds  ( 1 1 ) and  again  at  60 
seconds  (t2.)  after  (tQ).  Tho  measurements  give  approximate 
values  for  Wc  which  are  believed  to  be  as  accurate  as  those 
obtained  by  usual  mechanical  analysis  procedures. 
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To  instrument  the  equation  for  cumulative  weight  (Wc)  of 
a fine-grained  sediment  sample,  equation  (2)  may  be  expressed 
as : 


WT  (t ?) 

n 


(to) 


n 


— i 


W„ 


( tn  ) 


k _ W 
n = c 


n" 


n 


(6) 


where, 


WT  (t1) 


is  the  weight  of  the  total  accumulation 
of  sedimented  samole  at  the  beginning  of 
each  observation  time  n. 


Vrp  ( ) = is  the  weight  of  the  total  accumulation 

- of  sedimented  sample  at  the  end  (20  seconds) 

after  Nm  of  each  observation  time, 

Wc  = the  cumulative  weight  for  each  observation 

time  . 

t 

lr  = 

d t 


n = 1-16  selected  observation  times  from  0 

120  hours. 

Now  divide  equation  (3)  by  ()|.)  and  the  result  is  that  — 
Log  t' 

equals  

d ( Log  t’) 


to 

d 

d t 


Log  t' 

therefore:  kn  = (y) 

d( Log  t ' ) 

and  this  equation  can  be  expressed  electronically.  This  can  be 
shown  by  substituting  in  equation  (6)  voltage  signals  E0,  Ej, 
and  Eg,  which  are  nrcrortional  to  weight  measured  by  the  device. 
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where ’ 

E°n  ~~  WT  (t!)n 

Eln  = W'r  (fc2)ri 


Components  of  the  Analyzer:  The  fine-grained  sediment 

analyzer  may  be  represented  in  a block  diagram  (Pig.  1)  which 
describes  the  various  units  and  how  they  are  linked  in  order 
of  operation.  A diagram  for  a pilot  model  is  shown  in  (Fig.  2) 
Further  detaiLs  of  design  and  construction  of  the  pilot  model 
are  filed  in  the  general  files  of  the  Woods  Hole  Oceanographic 
Institution,  and  arG  available  for  further  development  of  the 
device  . 

A.  A settling  tube  and  balance  nan  with  transmission 
beam  attached  mechanically  to  a transducer. 

B.  A mechanoelectrical  transducer  tube  or  reactance  (RCA 
5731+  was  suggested  here)  with  power  supply  and  asso- 
ciated circuity. 

C.  First  DC  scaling  amplifier  for  calibration  and  range 
selection  of  tne  input  signal  voltage, 

D.  A voltage  splitter  of  the  compensated  type  using 
vacuum  tubes  instead  of  purely  resistance  loads  for 
better  isolation. 

E.  A program  timer  and  time  relay  switch  which  provides 
the  function  periods  or  observation  times.  As  part 
of  this  component  there  is  a channeling  and  ther- 
mionic-loop-controlled chopper  circuit  for  distribu- 
tion of  the  signal  voltage  at  the  two  moments  either 
end  of  the  20-second  interval. 

F.  A memory  component  which  retains  a signal  voltage 
for  exactly  20  seconds  then  releases  it  to  one  of 
the  inputs  of  the  first  differential  amplifier  (G). 

G.  The  first  differential  amplifier  component,  where 
two  signal  voltages  enter  simultaneously  and  a vol- 
tage, their  difference,  is  massed  on  to  the  variable 
gain  amplifier  (ll). 


FIG. 2 
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H.  A l6-3tage  log^Q  multiplier*,  cr  variable  gain 
amplifier,  which  provides  trie  proper  constant 
(kn)  each  of  the  16  observation  times  to  give  the 
product  of  the  constant  ( k n ) and  the  input  voltage 
from  [Ci)  . 

I.  The  second  differential  amplifier  component,  per- 
forming the  same  type  of  operation  as  the  fix-st 

one  in  che  final  step  in  the  solution  of  the  equation. 

J.  The  second  scaling  amplifier  is  identical  to  the  first 
one,  but  is  necessary  to  raise  the  signal  voltage 

(rlo  ) to  the  proper  value  to  provide  a full-scale 
^n 

adjustment  in  the  recorder*.  in  conjunction  with  the 
first  scaling  amplifier,  this  unit  can  be  adjusted  to 
calibrate  the  instrument  accurately. 

K.  The  recording  instrument,  which  should  be  a highly  sen- 
sitive direct-writing  galvanometer. 


Operation  of  the  Analyzer:  As  the  weight  from  the  accumu- 

lation of  sediment  on  the  balance  pan  (A)  increases,  there  is 
an  accompanying  increase  in  strain  transmitted  to  the  plate 
shaft  of  the  transducer  (3)  through  a suitable  wire  link. 

Changes  in  strain  on  the  shaft  produce  proportional  changes  in 
output  voltage  from  the  transducer.  In  the  remainder  of  this 
discussion  the  output  voltage  from  the  transducer  and  its  change 
throxxgh  various  sections  of  the  circuity  will  always  be  referred 
to  as  the  signal  voltage. 

The  signal  voltage  passes  from  the  transducer  component 
into  a scall  lg  amplifier  (G)  permitting  accurate  calibration 
in  conjunction  with  a second  scaling  amplifier  (J)  to  be  con- 
sidered later.  Calibration  of  the  signal  voltage  means  that 
for  a specific  weight  of  sediment  a finite  voltage  amplitude 
will  be  established  and  an  accurate  scaling  In  terms  of  grams/ 
volts  maintained  through  the  system. 

The  signal  voltage  leaves  the  first  scaling  amplifier  and 
enters  a voltage  splitter  (D).  In  the  splitter  the  signal 
voltage  is  divided  and  isolated  into  two  equal  voltages  which 
may  then  be  introduced  into  two  different  parts  of  the  circuity 
simultaneously  without  mutual  interference.  The  splitting  of 
the  original  signal  voltage  does  reduce  the  sensitivity  but  not 
enough  to  affect  the  necessary  accuracy  at  the  recording  end  of 
the  analyzer.  The  two  half -value  voltages  enter  a choppor-con- 
trolled,  channeling  component  operated  by  a program  timing 
device  '(E)  . 
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T’he  timing  control  is  presot  to  provide  sixteen  observa- 
tion times,  mentioned  above  in  the  section  on  theoreiical  con- 
siderations. At  each  observation  time  (n)  the  time  switch 
activating  a thermionic  chopper  permits  one  of  the  half  values 
of  the  signal  voltage  to  enter  the  computer  circuity  for  a 
suitable  milliseconds  interval  by  way  of  channel  1.  The  signal 
voltage  passes  directly  to  the  memory  comDoner.t  (P)  where  a 
flip-flop  relay  nermits  the  signal  to  enter  and  remain  stored. 

At  the  end  of  the  ?0-second  interval  the  chopper  allows  the 
channeling  relay  to  move  tc  channels  No.  2 and  No.  3 permitting 
the  two  half  signals  to  oas3  into  them. 

At  the  same  instant  the  signal  voltage  from  the  memory 
(E0n)  is  released  by  the  flip-flop  switch  (synchronized  by  a 

loon  through  the  chopper  unit)  and  enters  one  of  the  innut  chan- 
nels of  the  first  differential  amplifier  {G) . One  of  the  two 
half-value  signal  voltages  (E].n)  enters  the  other  input  chan- 
nel of  component! G; and  the  difference  of  these  two  voltages 
appears  at  tho  output  and  passes  into  component  (H).  the  16- stage 
iogio  multiplier.  Within  component  (H) the  signal  voltage  (Ein-E0n) 
is  multiplied  by  the  constant  (kn)  for  the  particular  observation 
time.  The  product  (Ein  - E0n)  kn  passes  into  one  of  the  inputs 

of  the  second  differential  amplifier  (I)  where  the  other  half  value 
voltage  ( E]_r } appears  at  the  opposite  input,  and  the  difference  of 
these  two  voltages  2]_n  - (^ln  - Eq^)  kn  = ^2n  • The  signal  vol- 
tage (Eg„)  passes  from  (I)  into  the  second  scaling  amplifier  (J) 

and  in  turn  to  the  recording  instrument.  Only  (E2n)  i3  actually 
recorded  on  the  strip  graph  for  each  observation  time.  It  should 
be  mentioned  here  that  the  duration  of  the  voltage  signal  passing 
through  the  circuity  and  to  the  recording  instrument  should  be 
sustained  for  a suitable  time  In  milliseconds  to  provide  a full- 
scale  travel  of  the  recording  stylus. 

Points  on  the  strip  chart  recorded  by  the  16  swesns  of  the 
stylus  can  be  read  directly  from  the  calibrated  chart  coordinates 
as  Wc , the  cumulative  weight.  During  each  observation  time  pro- 
vision can  be  made  to  operate  a zero  level  marker  to  assure 
accurate  calibration  of  the  3trio  chart  for  each  of  the  measure- 
ments. Values  for  Wc  are  then  entered  on  the  data  sheet  (see 
Table  l)  The  percentage  of  the  total  fine  fractions  and  then 
percentage  of  all  fractions  is  computed  to  obtain  the  cumulative 
per  cent  of  each  size.  From  the  latter  a cumulative  frequency 
curve  may  be  plotted. 

In  the  original  pilot  model  design  the  problem  of  correcting 
for  drift  during  long  period  operation  imposed  on  the  instrument 
had  not  been  solved.  Since  then,  self— correcting  and  recalibrating 
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devices  have  been  made  available  on  the  market  and  may  be  added 
to  the  analyzer  to  give  unattended  operation  for  120  hours  or 
longer. 


Multiple  Operation  of  the  Analyzer:  The  design  as  pro- 

posed here  Is  suitable  for  analyzing  a single  sediment  sample. 
Either  completely  separate  analyzer  units  may  be  used  or  a mul- 
tichannel instrument  may  be  built.  The  latter  would  use  one 
common  system  utilizing  components  (C)  through  (<J)  oind  be  provided 
with  6 to  12  settling  tubes,  transducer  components,  and  either 
separate  or  multichannel  recorders.  Such  a multiple  channel 
instrument  would  require  a synchronized  cam  operated  timing 
unit  permitting  one  signal  voltage  from  one  sample  at  a time 
to  enter  the  common  measuring  and  computing  channel.  Separate 
analyzer  units  offer  the  advantage  of  minimizing  maintenance 
problems  which  would  interfere  with  a large-scale  laboratory 
analysis . 


Further  Considerations:  Some  of  the  theoretical  aspects 

of  the  problem  only  are  covered  in  this  report  and  further 
refinements  are  possible.  The  writers  had  planned  to  continue 
to  develop  the  method  by  adding  a preset  coefficient  stage  to 
allow  percentages  instead  of  weights  to  be  plotted.  They  had 
also  planned  to  investigate  the  possibilities  of  incorporating 
the  measuring  element  in  a centrifuge  to  reduce  the  analysis 
time.  It  was  determined  experimentally  that  other  measurement 
methods  were  possible.  For  example,  a change  of  capacitance  or 
dielectric,  which  could  be  measured  as  changes  in  voltage 
developed  by  offsetting  a pair  of  loosely  coupled  radio-frequency 
oscillators,  will  octu^  in  proportion  to  the  change  in  suspended 
sediment  in  th  e settling  column.  There  is  some  promise  in  the 
field  of  ultrasonics  in  which  a recent  study  showed  that  there 
may  be  a good  correlation  bet’ween  frequency  of  resonance  (in  the 
supersonic  ranges)  and  particle  size.  The  measurement  of  resis- 
tance, as  another  parameter,  was  found  to  be  considerably  com- 
plicated by  polarization  which  could  be  partially  nullified  by 
using  low— frequency  alternating  current. 

These  investigations  seem  to  show  that  a fully  automatic, 
short  period,  accurate  analysis  of  fine-grained  sediments  is 
possible , 


Cost  Estimates;  The  original  estimate  for  the  cost  of 
parts,  materials,  and  the  labor  of  wiring  ana  assembly,  and 
tGsting  the  analyzer  without  considering  further  developmental 
or  engineering  expense,  was  in  the  neighborhood  of  $2,000-. 

Two  fifths  of  this  cost  v;af3  given  to  labor.  Since  this  study 
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was  made,  In  Juno  1953 » a number  of  packaged  comDonents  have 
appeared  on  the  commercial  market  which  would  take  the  place 
of  most  of  the  circuity  necessary  for  the  analyzer.  The 
availability  of  new  transducers  with  far  better  d 1 scrimination 
and  more  ruggedly  built,  well-regulated  d.o.  scaling  amplifiers, 
variable  gain  amplifiers,  and  subtraction  components,  as  well 
as  fine  recording  instruments,  puts  an  entirely  new  light  on 
the  success  of  the  analyzer  design.  The  cost  of  such  packaged 
units  would  be  around  $5,000.  An  additional  $1,500.  should 
make  it  ocsslbie  to  engineer,  construct  and  test  the  added  com- 
ncn.enta  which  would  be  needed  along  with  the  packaged  commercial 
units.  The  cost  of  designing,  building  and  testing  the  analyzer 
without  recourse  to  commercial  units  available,  would  probably 
exceed  this  cost  estimate,  and  require  considerably  more  time 
to  instrument  before  the  device  could  be  used  in  a sedimentation 
laboratory.  A much  closer  study  of  the  cost  estimates  would  be 
made,  if  any  interest  were  shown  to  proceed  with  the  develop- 
ment of  the  analjzer,  but  it  is  believed  doubtful  if  the  over-all 
cost  would  exceed  $6,500.  for  a multichannel  system.  Further- 
more, the  packaged  commercial  equipment  purchased  for  the  ana- 
lyzer could  be  easily  utilized  for  other  types  of  instrumenta- 
tion without  disturbing  the  device  for  which  they  were  purchased. 


1 ± - 


a /** /"M.rT  .1*  r\rt*A  i.niriip 
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